Stimulation of oxygen consumption and superoxide anion production in pulmonary macrophages by N-formyl methionyl peptides  by Holian, Andrij & Daniele, Ronald P.
Volume 108, number 1 FEBS LETTERS December 1979 
STIMULATION OF OXYGEN CONSUMPTION AND SUPEROXIDE ANION PRODUCTION 
IN PULMONARY MACROPHAGES BY A’-FORMYL METHIONYL PEPTIDES 
Andrij HOLIAN+ and Ronald P. DANIELE 
Cardiovascular-Pulmonary Division, Department of Medicine and +Department of Biochemistry and Biophysics, 
426 Anatomy-Chemistry BuildinglG3, University of Pennsylvania, Philadelphia, PA I91 04, USA 
Received 5 September 1979 
1. Introduction 
A number of metabolic changes occur when 
phagocytic cells (i.e., polymorphonuclear neutrophils 
(PMN)) interact with certain soluble and particulate 
stimuli (reviewed [l-4]). These metabolic changes 
include an increase in oxygen consumption, stimula- 
tion of hexose monophosphate shunt activity, super- 
oxide anion production (O;), hydrogen peroxide 
prnduction and chemiluminescence. It has been 
proposed that some of these stimulants act at specific 
receptor sites on the plasma membrane of the PMN 
[S-7]. 
Less information is available concerning the effects 
of similar metabolic stimuli on the alveolar macro- 
phage [3]. Furthermore, the stoichiometry of the 
various reactions in the alveolar macrophage, partic- 
ularly the proportion of the increase in oxygen con- 
sumption, that results in the formation of 0; and 
HzOz has not been established [8,9]. 
One effective stimulus in the PMN are the soluble 
N-formyl methionyl peptides [S,lO-121. Attention 
has been drawn not only to the metabolic but also to 
the biologic actions of these peptides on phagocytic 
cells since they are similar in structure to the N-formyl 
methionyl peptides produced by bacteria. For 
example, the peptide ,N-formyl methionyl phenyl- 
alanine (FMP), has also been shown to induce enzyme 
release in PMN [ 121 and to stimulate chemotaxis in 
PMN and guinea pig alveolar macrophages [13 1. Here, 
the effects of FMP on oxygen consumption and super- 
oxide anion production in guinea pig alveolar macro- 
phages are compared to concanavalin A (Con A). Con A 
is a plant lectin shown to be a reversible soluble 
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stimulus for O2 consumption in alveolar macro- 
phages [14]. 
2. Materials and methods 
Alveolar macrophages were isolated as in [ 131. 
Cells were suspended in Hanks’ buffered salt solution 
(HBSS) at 2 S-5 .O X IO6 cells/ml and stored on ice 
until used. Cell viability was checked by trypan blue 
exclusion and was > 90%. Macrophage purity was 
determined by non-specific esterase staining [ 151 and 
ranged from 85-95Y0. Oxygen consumption was 
measured using a Yellow Springs Instrument Co. 
oxygen electrode in a 1.2 ml glass chamber from 
Gilson Medical Electronics. The electronic apparatus 
for the oxygen measurements was designed and built 
by the Johnson Research Foundation (Philadelphia, 
PA). 
Superoxide anion production was monitored con- 
tinuously using a Shimadzu Spectronic 2 10 UV 
recording spectrophotometer by measuring the rate 
of ferricytochrome c (75 PM, type III, Sigma) reduc- 
tion at 550 nm. An E = 18.5 mM (reduced minus 
oxidized) was used for ferricytochrome c [ 161. 
Catalase, superoxide dismutase (SOD), antimycin A 
(suspended to 10 mg/ml in either dimethylsulfoxide 
(DMSO) or absolute ethanol), FMP, Con A and 
a-methyl mannoside (a-MM) were purchased from 
Sigma. 
3. Results 
3.1. Stimulation of O2 consumption 
The stimulation of oxygen consumption by FMP is 
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Fig.1. Oxygen consumption of guinea pig alveolar macro- 
phages. Macrophages were suspended in Hanks’ buffered salt 
solution at 2.5 X 10” cells/ml in a stirred 1.2 ml glass oxygen 
electrode chamber. FMP was added as 12 ~1 of a low4 M solu- 
tion in water and antimycin A was added as 1.2 ~1 of a 
10 mg/ml solution in absolute ethanol (or DMSO). The lower 
trace represents the stimulation by FMP of oxygen consump- 
tion; the upper trace represents the inhibitory action of anti- 
mycin A. The figure is representative of > 6 expt. 
shown in fig.1 (lower curve). The initial portion of 
the curve (before adding the FMP) is the rate for 
unstimulated cells and equaled 1.9 nmol O2 .2 5 X lo6 
cells-’ . min -‘. The addition of 10” M FMP resulted 
in a rapid increase (with 1 S-30 s) in oxygen consump- 
tion to 8.6 nmol .2.5 X 1 O6 cells-’ . min-’ . Prelim- 
inary experiments indicated this to be the optimal 
concentration of FMP. After lo-20 min, the rate 
returned to control values. 
The effect of antimycin A, an inhibitor of mito- 
chondrial respiration, is shown in the upper trace of 
fig.1. Antimycin A completely blocked baseline O2 
consumption and significantly diminished (= 50%) 
FMPstimulated oxygen consumption. The level of 
inhibition ranged from 30-50% in 6 experiments; the 
addition of an equal amount of solvent had no effect. 
Con A (250 pg/ml) also stimulated O2 consump- 
tion. However, initial kinetics (lower trace of fig.2A) 
were characterized by a lag of - 2 min before the 
respiratory rate increased. The stimulation of O2 
consumption by Con A was abolished by (U-MM, a 
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Fig.2. Comparison between FMP and Con A on guinea pig 
alveolar macrophage oxygen consumption. Macrophages were 
suspended in HBSS at 2.5 X 10’ cells/ml in a stirred 1.2 ml 
glass oxygen electrode chamber. FMP was added as 12 ~1 of 
a lo-“ solution in water, Con A was added as 12 ~1 of a 
25 mgjml solution in water, and o-methyl mannoside (o-MM) 
was added as 60 pl of a 1 M solution in water. (A) represents 
the action of Con A and o-MM; (B) represents the action of 
FMP and the.lack of inhibition by o-MM. The trace is repre- 
sentative of > 3 expt. 
competitive inhibitor for Con A binding sites on 
plasma membranes (upper trace of fig2A). When 
similar experiments were repeated using FMP, no 
effect could be demonstrated with the same concen- 
tration of o-MM (fig2B). The stimulatory effects of 
Con A and FMP on O2 consumption were additive 
(data not shown). 
3.2. Stimulation of 0; production 
As shown in fig.3 (bottom trace), FMP stimulated 
0, production with similar kinetics as oxygen con- 
sumption. Prior to the addition of FMP, there was no 
0; formation.The additionof 10” M FMP, however, 
induced 0: formation within 15-30 sand increased to 
a maximal rate of 2.8 nmol0; .0.5 X 1 O6 cells-’ . min-’ 
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Fig.3. Superoxide anion production of guinea pig alveolar 
macrophages. Macrophages were suspended in HBSS at 
5 X 10’ cells/ml in a 1 ml plastic cuvette with 75 MM ferri- 
cytochrome c. The A 550 was continuously recorded. FMP 
was added as 10 ~1 of a 1 Om4 M solution in water, antimycin A 
was added as 1 ~1 of a 10 mg/ml solution in absolute ethanol 
(or DMSO), and SOD was added as 5 ~1 of 10 units/r1 solu- 
tion in water. (A) represents the response to FMP; (B) 
represents the inhibitory effects of antimycin A; (C) repre- 
sents the inhibition of absorbance changes by SOD. The trace 
is representative of > 6 expt. 
and diminished to negligible rates after 1 O-20 min. 
As illustrated in the upper trace of fig.3, the same 
experiment was repeated in the presence of 50 units 
of superoxide dismutase (SOD). In this case, there 
was no 0; production indicating complete removal 
of 0; by SOD. The addition of 10 pg/ml antimycin A 
prior to the addition of FMP also resulted in a marked 
inhibition (80%) of 0; production (middle trace of 
fig.3). The inhibition by antimycin A was 40-80% 
in 6 experiments. 
Con A also stimulated 0; formation, again with a 
significant delay (fig.4, middle trace); the stimula- 
tion was also inhibited by a-MM. However, (U-MM did 
not inhibit 0, formation induced by FMP (data not 
shown). The additive effects of Con A and FMP 
stimulation on 0; formation are shown in fig.4. 
Con A (250 pg/ml) resulted in 0; formation which 
could be further stimulated by the addition of 
10” M FMP. However, cells that were stimulated 
by 10T6 M FMP did not respond further to the 
addition of FMP over a broad concentration range 
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Fig.4. The additive stimulation by Con A and FMP on 0; 
production of guinea pig alveolar macrophages. Macrophages 
were suspended in HBSS at 5 X lo5 cells/ml in a 1 ml plastic 
cuvette with 75 pM ferricytochrome c. T’he A,,, was con- 
tinuously recorded. FMP was added as 10 ~1 of a 10m4 M 
solution in water and Con A was added as 10 ~1 of a 
25 mg/ml solution in water. The trace is representative of 
> 3 expt. 
(1O-a-1O” M). The addition of 400 units of catalase 
did not alter either oxygen consumption or 0; 
production. 
4. Discussion 
Addition of FMP to guinea pig alveolar macro- 
phages stimulated both oxygen consumption and 
superoxide anion production within 15-20 s and 
lasted for 20 min. In 6 experiments, stimulation of 
oxygen consumption by FMP gave initial rates of 
8.2 + 1.4 nmol O2 . 2.5 X lo6 cells-’ . min-1 while 
the initial rates for 0; production were 2.8 f 0.4 nmol 
0; .0.5 X lo6 cells-’ .min -‘. When the respiration 
of resting macrophages (control) was subtracted and 
the measurements were corrected for comparable cell 
concentration (e.g., 2.5 X lo6 cells/ml), the rate of 
02 consumption was -50% (6.4 nmol O,/min) of the 
0, production (13.9 nmol O;/min). This could be 
explained by dismutation of two 0, to give H202 
and O2 thereby regenerating 1 O2 for 2 molecules of 
02 originally consumed. Since the ferricytochrome c 
method for measuring 0; converts all of the 0; to 
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O2 before dismutation can occur, this might explain 
why only half as much oxygen is consumed as com- 
pared to 0; formed. This possibility is supported by 
the finding that the addition of 75 FM ferricyto- 
chrome c with 10 pg antimycin A/ml completely 
blocked stimulation of oxygen consumption by FMP. 
That Con A and FMP probably act at different 
sites on the cell membrane is based on the observa- 
tions that: 
(i) Each stimulant had different kinetics for the 
stimulation of both oxygen consumption and 02 
production; 
(ii) a-MM completely blocked Con A stimulation but 
had no effect on the FMP response; 
(iii) There was an additive effect when both agents 
were added to alveolar macrophages. 
Antimycin A was observed to be inhibitory for 
both events. This is in apparent conflict with reports 
suggesting that inhibitors of mitochondrial respiration 
do not influence O2 consumption or 0; production 
in phagocytic cells [ l-4,8]. The finding in this study, 
however, does not prove a direct effect by antimycin A 
on the 0; generating system but may indicate that 
general metabolic regulation (e.g., energy state of the 
cell) is involved in the ‘respiratory burst’. 
The new findings indicate that: 
(1) FMP can stimulate guinea pig alveolar macro- 
phages to produce 0;) a potential microbiocidal 
agent; 
(2) There are different receptors on the alveolar 
macrophage membrane for FMP and Con A. 
Since FMP is similar in structure to products of 
bacterial metabolism, its ability to stimulate these 
oxygen reactions in alveolar macrophages may be 
physiologically important. 
Acknowledgements 
This work was supported by grant no. 07083-14 
from the National Institutes of Health; by a Research 
Career Development Award (Dr Daniele) lK04-HL- 
002 10 and SCOR grant HL-I 506 1 from the National 
Heart, Lung and Blood Institute. 
References 
[l] Babior, B. M. (1978) New Engl. J. Med. 298,659-668. 
[2] DeChatelet, L. R. (1978) J. Reticula. Sot. 24,73-91. 
[3] Johnston, R. B. (1978) Fed. Proc. FASEB 37, 
2759-2764. 
[4] O’Flaherty, J. T. and Ward, P. A. (1979) Sem. Hemat. 
16,163-174. 
[5] Naccache, P. H., Volpi, M., Showell, H. J., Becker, E. L. 
and Sha’afi, R. I. (1979) Science 203,461-463. 
(61 Schiffmann, E., Corcoran, B. A. and Aswanikumar, A. 
(1978)Leukocytechemotaxis: Methodology,physiology, 
clinical implications (Gallin, J. A. and Quie, P. G. eds) 
pp. 97-l 11, Raven Press, New York. 
[7] Williams, L. T., Snyderman, R., Pike, M. C. and 
Lefkowitz, R. J. (1977) Proc. Natl. Acad. Sci. USA 74, 
1204-1208. 
[8] Reiss, M. and Roos, D. (1978) J. Clin. Invest. 61, 
480-488. 
[9] Torres,M.,Auclair,C.andHakin,J.(1979)FEBS Lett. 
97,50-54. 
[lo] Schiffmann, E., Corcoran, B. A. and Wahl, S. M. (1975) 
Proc. Natl. Acad. Sci. USA 72,1059-1062. 
[ 111 Becker, E. L. (1976) Am. J. Path. 85,385-394. 
[ 121 Becker, E. L., Sigman, M. and Oliver, J. M. (1979) 
Am.J.Path.95,81-97. 
[13] Dauber, J.H.andDaniele,R.P.(1978)Am.Rev.Resp. 
Dis. 117,673-684. 
[ 141 Romeo, D., Zabucchi,G. and Rossi, F. (1973) Nature 
New Biol. 243,111-112. 
[ 151 Li, L. Y., Lam,K. W. and Yani, L. T. (1973) J. Histo- 
chem.Cytochem. 21,1-12. 
[16] MargoJiash,E.andFrohwirt,N.(1959)Biochem.J. 
71,570-572. 
50 
